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Engineering and Design

MULTI-PHASE EXTRACTION

1. Purpose. This Engineer Manual (EM) is intended to provide detailed guidance on all phases of
remediation projects involving Multi-phase Extraction (MPE}). This includes guidance on (1) the
appropriate site characterization and pilot studies for MPE; {2) appropriate considerations in screening
MPE for a site; (3) design of subsurface and above-ground components {excluding off gas and water
treatment systems); and (4} start-up, operations and maintenance, and site closure.

2. Applicability. This EM applies to all USACE commands having Civil Werks and/or Military Programs
hazardous, toxic, or radioactive waste (HTRW) responsibilities.

3. References. References are provided in Appendix A.
4. Distribution Statement. Approved for public release, distribution is unlimited.

5. Discussion. MPE is natural but rapidly evolving outgrowth of both traditional ground water extraction
and dewatering technology and the innovative soil vapor extraction technology. The manual focuses on
the underlying physical/chemical processes (and related technology screening issues) that determine
the success or failure of the technology at a site. In many cases, MPE has been misapplied because of
a poor understanding of these fundamentals. Designers and decision-makers should use this manual to
guide them through the early site characterization and technology screening phases of MPE projects.
The design and operational guidance contained herein should be considered, to the extent applicable to
a specific project, as good MPE practice by both designers and reviewers. The MPE technology is still
maturing and designers are encouraged to monitor future developments using some of the resources
provided in this manual,
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CHAPTER 1

INTRODUCTION

1-1. Purpose.

a. Multi-Phase Extraction. Multi-Phase Extraction (MPE) is a rapidly
emerging, in-situ remediation technology for simultaneous extraction of wvapor
phase, dissolved phase and separate phase contaminants from vadose zone,
capillary fringe, and saturated zone soils and groundwater. It is a
modification of soil vapor extraction (SVE) and is most commonly applied in
moderate permeability soils.

b. Engineer Manual. This Engineer Manual (EM) provides practical guidance
for evaluation of the feasibility and applicability of MPE for remediation of
contaminated soil and groundwater and describes design and operational
considerations for MPE systems. The document is primarily intended to set
USACE technical policy on the use of the technology and to help prevent
incorrect MPE application or its use in inappropriate settings. By setting out
technically sound design principles, it will be useful to engineers,
geologists, and project managers involved with subsurface remediation. It is
meant to be a companion manual to the Soil Vapor Extraction and Bioventing (EM
1110-1-4001, 30 November 1995) and the In-Situ Air Sparging (EM 1110-1-4005, 16
June 1997) EMs, which will be referenced as appropriate. Many of the
aboveground design aspects of MPE and SVE are similar.

1-2. Applicability. This EM applies to all United States Army Corps of
Engineers (USACE) commands having civil works and/or military programs
hazardous, toxic, or radioactive waste (HTRW) responsibilities.

1-3. References.

a. This EM (Baker and Becker 1999) covers all aspects of MPE but cannot
include detailed discussion of all MPE issues. Where engineering design is
similar to SVE, the two related EMs referenced above will be very useful.

There are other publications that summarize or give detailed insights into
important aspects of MPE. An extensive list and reference details are provided
in Appendix A. The following references are suggested as key supplementary
sources of information on MPE:

Subj ect Ref er ence
Technology Overview Blake and Gates 1986

Kittel et al. 1994
Leeson et al. 1995
Baker 1995

Keet 1995

USEPA 1995

API 1996

USEPA 1997a

Important Physical, Biological and Chemical Farr et al. 1990

Parameters Lenhard and Parker 1990
Newell et al. 1995
Pankow and Cherry 1996
Hillel 1998


http://www.usace.army.mil/inet/usace-docs/eng-manuals/em1110-1-4005/toc.htm
http://www.usace.army.mil/inet/usace-docs/eng-manuals/em1110-1-4001/toc.htm
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Subj ect Ref erence

Pilot Testing and Design USEPA 1996a
Parker et al. 1996
Battelle 1997
Baker and Groher 1998

Modeling Parker 1989
Parker 1995
Parker et al. 1996
Beckett and Huntley 1998
Ruiz et al. 1997

Equipment Specification and Operation Crane Valve Co. 1988
Hydraulic Institute 1991
Hydraulic Institute 1994
Karassik et al. 1986
Perry and Green 1984
Suthersan 1997

Evaluation of System Performance Kittel et al. 1997
Baker and Groher 1998

b. Periodicals. Periodicals that occasionally feature articles on MPE and
related technologies include:

J Ground Water (Association of Ground Water Scientists and Engineers).

. Ground Water Monitoring and Remediation (Association of Ground Water
Scientists and Engineers).

. Pollution Engineering (Cahners Business Information Division of Reed
Elsevier, Inc.).

U Pumps and Systems (AES Marketing, Inc.).

1-4. Background.

a. In-situ soil and groundwater remediation techniques are being relied on
more and more frequently as methods that are less expensive than excavation and
that do not simply move the contamination to another location. However, the
limitations of many solitary in-situ technologies are becoming more apparent,
especially longer-than-expected remediation times. In addition, solitary
technologies may only treat one phase of the contamination when, in fact, the
contamination is often spread through multiple phases and zones. For example,
SVE and bioventing treat only the vadose zone and groundwater pump-and-treat
removes dissolved material only from the saturated zone. Most separate (free)
phase [Lighter (than water) Non-Agqueous Phase Liquid (LNAPL)] recovery systems
rely on gravity alone to collect and pump the LNAPL. In contrast, MPE can
extract:
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J Groundwater containing dissolved constituents from the saturated
zone.

J Soil moisture containing dissolved constituents from the unsaturated
zone.

o LNAPL floating on the groundwater.

. Non-drainable LNAPL in soil.

J Perched or pooled Dense Non-Aqueous Phase Liguid (DNAPL), under some
conditions.

J Soil gas containing volatile contaminants.

It is therefore a technology that finds its widest use in source areas.

b. 1In general, MPE works by applying a high vacuum (relative to SVE
systems) to a well or trench that intersects the vadose zone, capillary fringe
and saturated zone. Because the resulting subsurface pressure is less than
atmospheric, groundwater rises and, if drawn into the well, is extracted and
treated aboveground before discharge or reinjection. If liquid and gas are
extracted within the same conduit (often called a suction pipe or drop tube),
this form of MPE is often called "bioslurping" (when used for vacuum-enhanced
LNAPL recovery), or “two-phase extraction" (TPE, often when used to address
chlorinated solvents). If separate conduits for vapor and liquids are used,
some call the technology "dual-phase extraction" (DPE). (These terms, “two-
phase extraction" and "dual-phase extraction" more commonly refer to situations
where there is no LNAPL.) LNAPL floating on the water table will also flow
into the well screen and be removed. Due to the imposed vacuum, soil moisture
and NAPL retained by capillary forces within the soil can, to some degree, also
move to the well for collection and removal. The groundwater level may be
lowered, thereby creating a larger vadose zone that can be treated by the SVE
aspect of MPE. The soil gas that is extracted is, if necessary, conveyed to a
vapor-phase treatment system (i.e., activated carbon, catalytic oxidation,
etc.), prior to its discharge.

c. Because air movement through the unsaturated zone is induced during
MPE, oxygen can stimulate the activity of indigenous aerobic microbes, thereby
increasing the rate of natural aerobic biodegradation of both volatile and non-
volatile hydrocarbon contamination.

d. MPE is being evaluated by several departments of the U.S. government.
USEPA’'s Superfund Innovative Technology Evaluation (SITE) program is supporting
a study of bioslurping by Battelle Memorial Institute, Columbus, OH, at a fuel
tank farm. The U.S. Air Force "recommends MPE as a potentially wvaluable
enhancement for the SVE option under the presumptive remedy for sites with
volatile organic compounds (VOCs) in soil" (USEPA 1997a). 1In 1997, the USEPA
issued "Presumptive Remedy: Supplemental Bulletin on MPE Technology for VOCs in
Soil and Groundwater” (USEPA 1997a).

e. The application of MPE began the first time that either groundwater or
LNAPL was extracted by a vacuum. Vacuum was applied to oil wells in the 1860s
to improve LNAPL recovery from subsurface reservoirs (Lindsley 1926). One of

1-3
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the first mentions of MPE as a new remediation technology appears to be by
Blake and Gates (1986). At this time, MPE is utilized less often than the more
established in-situ techniques such as SVE, bioventing and air sparging. The
use of MPE as a deliberately applied remediation technology is expected to
increase.

f. Critical aspects that govern the effectiveness of an MPE system are
being researched and reported in conference proceedings and technical journals

(some shown above). Innovative field techniques, such as neutron probe
measurements and recoverable free phase product estimates, are refining the
ability to measure the effective zone of influence (ZOI). It is anticipated

that as more field data become available, the understanding of the mechanisms
and processes induced by MPE will increase, as well as the ability to predict
and measure its effectiveness.

g. One of the difficulties encountered with MPE is the tendency to form
emulsions of LNAPL and groundwater that may need to be "broken" or separated
before subsequent treatment or disposal.

1-5. EM Scope. As mentioned in paragraph 1-1b, the primary focus of this EM
(Baker and Becker 1999) is to provide guidance for assessing the feasibility
and applicability of MPE. The EM is also meant to assist engineering and
technical staff experienced in remediation design to develop MPE design,
including construction drawings and specifications. Because MPE technology is
still evolving, this EM is intended to consolidate existing guidance and to
stimulate the acquisition and reporting of new information that will continue
to refine the technology. Although computer modeling is discussed, exhaustive
coverage of analytical and numerical modeling of the processes occurring during
MPE is beyond the scope of this EM. The reader should keep in mind that the
use of MPE as a site remediation tool is a relatively new technology. Design
and operation are highly dependent on site conditions, and designs will improve
as more information becomes available and more experience is shared.

1-6. EM Organization. This EM is structured to show the progression from
initial technology selection through testing, design, implementation and
closure. Following this introductory chapter, Chapter 2 provides a more
detailed description of MPE and its underlying physical processes.
Recommendations for site characterization and feasibility evaluations are
presented in Chapter 3. Strategy and guidance for pilot-scale testing are
provided in Chapter 4, and full-scale design considerations are presented in
Chapter 5. Chapter 6 provides guidance on preparing design documents and
specifications. Issues associated with system start-up and long-term operation
and maintenance are discussed in Chapter 7, and system shutdown procedures and
confirmation of clean-up are introduced in Chapter 8. Chapter 9 presents other
administrative issues associated with implementing MPE. Finally, Appendix A
provides references cited in this document.

1-7. Resources.

a. Numerous resources are available to assist the designer in assessing
the feasibility of MPE and designing an effective system. Resources include
models for system design and optimization, technical journals that summarize
case studies and recent technical developments, and electronic bulletin boards
and databases that provide access to regulatory agency, academic, and
commercial sources of information.
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b. At this time, there are few computer models written specifically for
MPE applications. Existing, related models, which are discussed in
paragraph 5-4, range from commercially available software to complex computer
code requiring substantial computing ability. These models help the designer
to understand what will occur relative to pressure distributions and subsurface
flow when vacuums are applied. Modeling can be used to design a pilot test;
optimize placement of MPE wells in a multiwell field; and estimate extracted
ligquid and vapor flow rates that determine the sizes of aboveground extraction
and treatment equipment.

c. A table of federal bulletin boards and databases that contains
information on SVE and bioventing (BV) is presented in the USACE Soil Vapor
Extraction and Bioventing Engineer Manual (EM 1110-1-4001). The majority of
these electronic resources also now contain some information on MPE. The
following list gives a description and associated universal resource locator
(URL) of several of these bulletin boards and/or databases that can be found on
the World Wide Web.

J The Federal Remediation Technologies Roundtable
(http://www. frtr.gov) : Remediation Technologies Screening Matrix and
Reference Guide, 3™ Edition.

J CLU-IN (http://clu-in.org) : Hazardous Waste Clean-Up Information
System provides information about innovative treatment technologies.

. REACH-IT (http://www.epareachit.com): Remediation and
Characterization Innovative Technologies.

J TechDirect (http://www.epa.gov/swertiol/techsub.htm): Technology
Information Service that highlights new publications and events of
interest on site remediation and assessment.

J BioGroup (http://biogroup.gzea.com): Bioremediation Discussion
Group.
. ATTIC (http://www.epa.gov/gils/records/a00194.html): Alternative

Treatment Technology Information Center.

. Fielding Environmental Solutions
(http://aec-www.apgea.army.mil:8080/prod/usace/et/listweb.htm): U.S.
Army Environmental Center’s (USAEC) Pollution Prevention and
Environmental Technology Division (P2&ETD) site that provides
information on recently published documents, field demonstrations of
innovative technologies, and technology transfer efforts of the
P2&ETD.

. GLOBALtechs (http://www.globaltechs.com): Online Site Remediation
Technologies Directories.

. DNAPL in Groundwater Research Group
|(http://civil.queensu.ca/environ/groundwater/refereed.htm).|



http://www.frtr.gov
http://clu-in.com
http://www.epa.gov/swertio1/techsub.htm
http://www.epa.gov/swertio1/techsub.htm
http://biogroup.gzea.com
http://www.epa.gov/gils/records/a00194.html
http://aec-www.apgea.army.mil:8080/prod/usaec/et/listweb.htm
http://www.globaltechs.com
http://www.usace.army.mil/inet/usace-docs/eng-manuals/em1110-1-4001/toc.htm
http://civil.queensu.ca/environ/groundwater/refereed.htm

EM 1110-1-4010
1 Jun 99

. US Army Corps of Engineers TechInfo
(http://www.hnd.usace.army.mil/techinfo/index.htm)

to USACE publications and specifications.

EPA Remediation Technologies Publications
(http://www.epa.gov/swertiol/pubitech.htm) .

: provides links


http://www.hnd.usace.army.mil/techinfo/index.htm
http://www.epa.gov/swertio1/pubitech.htm
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CHAPTER 2
TECHNOLOGY DESCRIPTION AND UNDERLYING PHYSICAL PROCESSES
2-1. Introduction. This chapter presents an overview and general description

of dual-phase extraction and two-phase extraction, the latter of which includes
a related technology, bioslurping. The three main strategies for applying MPE
that will be discussed are: a) vacuum-enhanced recovery of NAPL, b) vacuum
dewatering to enable SVE and/or BV to remove and/or treat organic contaminants
via the gas phase, and c¢) vacuum-enhanced recovery of groundwater. This
chapter also presents a review of the fundamentals of multiphase flow in porous
media, and an assessment of the effectiveness and limitations of the
technologies.

2-2. Description of MPE Technologies and Application Strategies.

a. Technology Definitions and Descriptions. MPE comprises a generic
category of in-situ remediation technologies that simultaneously extract more
than one fluid phase from wells or trenches. These phases generally include
air (i.e., gaseous phase including organic vapor) and water (i.e., agueous
phase including dissolved constituents), and may include NAPL. The terminology
presented by EPA (1997a), which distinguishes between dual-phase and two-phase
extraction technologies, is as follows:

(1) In dual-phase extraction (DPE), soil gas and liquids are conveyed from
the extraction well to the surface in separate conduits by separate pumps or
blowers. A common “pipe within a pipe” configuration is depicted in
Figure 2-1. It shows that a submersible pump suspended within the well casing
extracts ligquid, which may be NAPL and/or groundwater, and delivers it through
a water extraction pipe to an aboveground treatment and disposal system. Soil
gas is simultaneously extracted by applying a vacuum at the well head. The
extracted gas is, in turn, conveyed to a gas-liquid separator prior to gas
phase treatment. DPE is in essence a rather straightforward enhancement of
SVE, with groundwater recovery being carried out within the SVE well. Other
DPE configurations are also common, such as use of suction (e.g., exerted by a
double-diaphragm pump at the ground surface) to remove liquids from the well,
rather than a submersible pump (Blake and Gates 1986). A line-shaft turbine
pump could also be employed to remove liquids from the well, provided the water
table is shallow enough.

(2) In two-phase extraction (TPE), soil gas and liquid are conveyed from
the extraction well to the surface within the same conduit, which has been
referred to with various names including drop tube, slurp tube, stinger, lance,
or suction pipe. A single vacuum source (vacuum pump or blower) is used to
extract both liquid and gaseous phases. A common configuration is depicted in
Figure 2-2. The suction pipe suspended within the well casing can extract a
combination of NAPL and/or groundwater, and soil gas. These phases are
conveyed to an aboveground gas-liquid separator. If extraction of NAPL is
anticipated, an oil-water separator may be installed downstream of the gas-
liguid separator.
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(3) Bioslurping is a form of TPE that aims to enhance the recovery of
LNAPL, while also stimulating BV within the unsaturated zone (AFCEE 1994a;

Kittel et al. 1994; AFCEE 1997). A bioslurper uses a suction tube positioned
at the LNAPL-water interface to induce a pressure gradient causing water, LNAPL
and gas to flow into the well (Figure 2-3). As with TPE, water and/or LNAPL

that is drawn into the well is lifted and conveyed to a gas-liquid separator.
The liquid phase is subsequently conveyed to an oil-water separator.
Bioslurping systems are designed and operated in a manner that maximizes LNAPL
recovery while minimizing groundwater and gas-phase recovery. Therefore, the
BV aspect of bioslurping is less important than the primary objective of
enhancing free-product recovery.

Gas Discharge/

Treatment
Vacuum —»
Pump LNAPL
Discharge
—|Gas-liquid—{ NAPL/Water
% |Separator 1 genarator Water
\lV ] Discharge
Slurp Tube
V¥
Bioventing Bioventing
Air = B Air
\ = B /
Horizontal Flow —f—Y-si— | NAPL Water Table
M980205
Groundwater

Figure 2-3. Bioslurper System. (After AFCEE 1994b)

b. MPE Application Strategies. One generally chooses MPE to enhance the
extraction of one or more of the following phases:

. NAPL, to accomplish free product recovery.

J Soil gas, to accomplish mass reduction through SVE or BV in soils
having low air permeabilities.

. Groundwater, to improve pump-and-treat yields. (This objective is
the least common of the three.)

(1) These application strategies may be pursued separately or in
combination. For example, a reason for implementing MPE may be to accomplish

2-3
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contaminant mass removal from saturated zones via both gas- and liquid-phase
extraction; another may be to improve mass removal from the vadose zone
primarily via gas-phase extraction.

(2) One should decide at the outset which strategy is being pursued,
because efforts to achieve more than one simultaneously can sometimes be at
cross-purposes. For example, an extraction system designed to optimize the
recovery of NAPL will probably not be optimal from the standpoint of recovering
soil water to enhance SVE. Conversely, a system designed to enhance SVE will
probably not do an optimal job of extracting NAPL. In the case of bioslurping,
however, both NAPL extraction and BV can be conducted quite compatibly. The
ramifications of these differing goals will become clear in subsequent
sections.

2-3. General Concepts.

a. Introduction to NAPL and its Transport through Porous Media.

(1) Commercial, industrial and military facilities often use fuels,
solvents or other organic chemicals. In the course of transporting, using or
storing organic liquids, many of these facilities have experienced releases to
soil and groundwater. For example, of the 2 million underground storage tanks
(USTs) in the U.S., approximately 295,000, or more than 15 percent were
reported to be leaking (USEPA 1993a). Following a spill or release from such
storage tanks, piping, and related equipment, many organic contaminants such as
those in fuels and solvents enter the soil as oily liquids (Figure 2-4).
Because these compounds are not highly soluble in water, they are often present
as an immiscible (non-agqueous) phase. This separate liquid phase persists when
in contact with water and can serve as a long-term source of groundwater
contamination. We term such a fluid a NAPL. We further distinguish between
NAPL that has a density less than water (such as gasoline or fuel o0il) and one
that is more dense than water (e.g., a chlorinated solvent such as
trichloroethene) by terming the former a light NAPL (LNAPL), and the latter a
dense NAPL (DNAPL).

ﬁ
Capillary
Fringe

Hydrocarbon
Vapors

I Water Table
: t — LNAPL Contamination
M980049 Dissolved —— Groundwater Flow
Contaminants

Figure 2-4. Simplified Conceptual Model for LNAPL Release and Migration. (After Newell et al. 1995)
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(2) LNAPL poured into a container of water will, at equilibrium, float on
the water surface; DNAPL, by contrast, will sink to the bottom of the
container. The behavior of NAPL in porous media is more complex, however.
When NAPL is released in unsaturated soil, it infiltrates downward under the
influence of gravity, and depending on the volume of NAPL that is released, it
will proceed toward the water table. As it infiltrates, a fraction of the mass
will be left behind, retained by capillary forces of adhesion and cohesion, in
the form of globules and ganglia occupying the soil pores and adsorbed to soil
particles. This residual NAPL saturation thereby depletes the contiguous NAPL
mass until it can infiltrate no further. An encounter with a low permeability
layer can also impede its progress. If LNAPL arrives at the capillary fringe
above the water table, its buoyancy will limit its further downward migration,
but as it accumulates it will hydrostatically depress the capillary fringe and
the water table to a certain extent and may move laterally as well (After
Mercer and Cohen 1990). Due to its greater density, DNAPL that arrives at the
capillary fringe can exert pressures in excess of pore pressures. DNAPL can
penetrate the water table and proceed to displace water and infiltrate to
greater depths. DNAPL too will deplete itself as it infiltrates, and its
movement will be impeded by low permeability layers or bedrock fractures with
small apertures. Even so, DNAPL has penetrated to significant depths beneath
the water table and within fractured bedrock at many sites (Pankow and Cherry
1996) .

b. Contaminant Phase Distribution. Residual or mobile NAPL residing in
the subsurface, whether LNAPL or DNAPL, serves as a long-term source for
contamination of groundwater (Figure 2-5). When NAPL is present at a site, it
typically represents the largest fraction of the contaminant mass. For
example, most of the contaminant mass in cases of LNAPL releases 1s in the
smear zone (refer to paragraph 2-4b(2)). In addition to being present as (1)
NAPL, the contaminants partition into three other principal phases, as follows.
(2) Soluble components of the NAPL dissolve into infiltrating precipitation and
groundwater that come into contact with it, creating an aqueous-phase
groundwater plume (or plumes) emanating from the source zone(s). (3) Volatile
components of the NAPL and of the aqueous-phase (soil pore water and
groundwater) partition into the gas phase, which is itself capable of migrating
through the unsaturated zone. (4) Contaminants in the NAPL, agueous, or gas
phases partition into the solid phase with which they are in contact. Solid
phase sorbants include the inorganic and organic materials in the soil or
aquifer, particularly clay minerals that have the greatest specific surface
(surface area per unit of mass) to which contaminants can adsorb, and humic
materials for which organic compounds have a high affinity. Thus the greater
the clay and/or organic content of the soil and aquifer materials, the larger
will be the fraction of the contaminant mass that can be adsorbed to them. The
partitioning of volatile organic compounds (VOCs) among these four phases, and
definitions of the pertinent partitioning coefficients (i.e., solubility,
Henry’s Law constant, vapor pressure and soil/water distribution coefficient)
used to quantify the tendency of specific contaminants to distribute themselves
among these phases are described in more detail in EM 1110-1-4001, Soil Vapor
Extraction and Bioventing, Chapter 2, Contaminant Properties.

c. NAPL Recovery. If a subsurface zone containing NAPL (i.e., a source
zone) 1s present at a site, the most efficient way to remove contaminant mass
is direct extraction of the NAPL itself, if it is amenable to recovery.
Furthermore, free-product recovery to remove the bulk of the floating product
is generally considered a prerequisite to the application of in-situ
technologies, such as BV, that require a well-aerated soil for spatially
distributed microbial growth and hydrocarbon degradation (Baker 1995). The
successful removal of NAPL depends greatly on the method of free-product
recovery that is selected.


http://www.usace.army.mil/inet/usace-docs/eng-manuals/em1110-1-4001/toc.htm
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Figure 2-5. Distribution of Phases in the Subsurface. (USEPA 1995)

(1) Conventional LNAPL Recovery. Where floating product forms a
continuous, free-phase layer on the water table, and especially in coarse-
textured soils (e.g., sand and gravel), conventional modes of free-product
recovery using submersible and skimmer pumps in wells/trenches are generally
effective (API 1996; USEPA 1996). Submersible pumps generally extract NAPL and
water, whereas skimmer pumps can extract LNAPL only. Submersible single- or
double-pump systems (Figure 2-6a and b) extract groundwater and product and
thus create a cone of depression in the water table. The resulting drawdown
produces a hydraulic gradient, causing floating product to flow into the well.
Because water that has been in contact with NAPL is also recovered, it must be
treated prior to discharge. Skimmer systems (Figure 2-7) recover floating
product only and do not usually induce a significant cone of depression.
Floating filter scavenger systems, for example, can remove product down to thin
layers as they track fluctuations in the water table. Although recovery rates
are generally smaller, skimmer systems have the advantage that treatment of
water is not required. Such systems tend to be most suitable for highly
permeable formations, or where recovery rates would not be sufficient to
justify operation of more costly combined water and product recovery systems.
Absorbent bailers and belt skimmers also fall within this category, but are
suitable only when very low rates of product recovery are acceptable.

Table 2-1 presents a range of free-product recovery approaches and relative
advantages and disadvantages of each. Note that pneumatic transfer of
flammable liquids by air pressure (in direct contact with the ligquid) is
prohibited by EM 385-1-1. If pneumatically operated pumps are used, it must be
ensured that the air supply is 100% isolated from free product. Most pneumatic
remediation pumps sold today and/or operating today keep the motive air
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Figure 2-6a. Conventional LNAPL Recovery Using Single-Pump System. (After APl 1996. Reprinted by

permission of American Petroleum Institute. Copyright 1996. All rights reserved.)
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Figure 2-6b. Conventional LNAPL Recovery Using Two-Pump System.
(After API1 1996. Reprinted by permission of American Petroleum Institute. Copyright 1996. All rights

reserved.)
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Figure 2-7. Pneumatic Skimming Pump. (After API 1996. Reprinted by permission of American Petroleum

Institute. Copyright 1996. All rights reserved.)



Potential
Recommended Reco ded Relati Relative Relative for
Minimum Well Minimum Value Capital Operating  Maintenance Product
Diameter for K (cm/sec) Costs Costs Costs Removal Advantages Disadvantages
SKIMMING SYSTEMS No water pumped, skims Limited radius of
«  Floating very thin layers, moves influence, clogging of
- Large Saucer Type 36" >1x 10* L L M M up and down with GW screen, generally
- Small Float Type 4" >1x10* L L M M limited to shallow
(<25 ft) applications
* Floating inlet No water pumped, skims Limited radius of
- Bailer/Passive 2" >1 x 104 L L L L very thin layers, low cost influence, manually
- Pneumatic Pump 4" >1x10* L L L L adjusled, clogging,
«  Absorbent low removal rate
- Absorbent Bailer 2" >1x 10" L L L L (different for bailers
- Belt Skimmer 2" >1x10* L L L L and pneumatic
pumps)
SINGLE PUMP SYSTEMS Low cost, low Pumps water and
Diaphram Pump 2" >1x 104 L L L L maintenance surface- product, requires ow
mounted pumps, easy to separator, shallow (<
maintain, low flows 20 f)
«  Centrifugal Pump 2 >5x 10" L L L L Low cost and Level sensor and ofw
maintenance separator required
(<25 1)
*  Submersible Pump 4" >1x10? M M L L No depth limitation, easy Flow >5 gpm, o/w
' installation, removes separalor water
water and product treatment,
emulsification
*  Pneumatic Can operale over wide Requires air
- TopFilling 4" >1x10° M M M M rangé of flow rates, can compressor system
- Product only 4" >1x10* M M M M pump from deep, low K and water treatment,

aquifers

emulsification
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Potential
Recommended Recommended Relative Relative Relative for
Minimum Well Minimum Value Capital Operating  Maintenance Product
Diameter for K {cm/sec) Costs Costs Costs Removal Advantages Disadvantages
DUAL PUMP SYSTEMS Cone of depression High initial cost, high
= GWP and PP with 8" >1x10? H H H H induces migration of maintenance;
separate levels and product to wall, high recovery wells often
product sensors 6" potential product removal  become clogged and
*  GWP running steady >1x 107 H H M H rates, pump GW and inefficient, works best
with PP and product product potential large in clean sands and
sensor radius of influence gravels, cycling the
+  GWP running steady 6" >1x107 H H M H GWP on and off with
with floating product level sensor not
skimming pump recommended
approach
DIRECT REMOVAL Good initial remediat Not practical for
+ Open Excavations or action using vacuum removing product
trenches L M truck absorbent pads, away from excavation
elc. area
* Routine skimming or 2" >1x 10* L L Inexpensive, works on Very limited radius of
bailing of wells small localized product influence and
layers removal rate
VACUUM ENHANCED Works well with | Requires high
PUMPING medium permeability vacuum pump or
«  Drop tube suction lift 2" >1x10° M H L VH soils, large radius of blower, usually
»  In-well pump augmented 4" >1x10* H H L VH influence, increases requires thermal air
by vacuum on well waler and product flow treatment system and
by 3 to 10 times; can water treatment
significantly reduce site
remediation time
a GW = Groundwater L = Low
GWP = "Groundwater Pump M = Medium
PP = Product Pump H = High
K = Hydraulic Conductivity VH = Very High
GPM = Gallons Per Minute

Approximate cost ranges based on a unit single well system including water handling and treatment:

Capital Costs

L
M
H

$3,000-10,000
$10,000-25,000
>$25,000

Operating Costs:

L
M
H

= $500-1,000/mo
= $1,000-3,000/mo
=" >§3,000/mo

Maintenance Costs:

nonon

L
M
H

<10% of capital cost/yr
10 to 25% of capital cost/yr
>25% of capital costyr
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(2) Vacuum-Enhanced LNAPL Recovery. Vacuum-enhanced free-product
recovery (Blake and Gates 1986; Hayes et al. 1989; API 1996) is employed,
usually in medium-textured soils, to increase recovery rates of LNAPL relative
to those that can be obtained using conventional means. The application of a
vacuum to a recovery well increases the extraction flow rate without inducing a
physical cone of depression (Blake and Gates 1986). 1In cases where physical
drawdown is used in combination with vacuum enhancement, the effective
drawdown, by superposition, is the sum of the induced vacuum (expressed in
water equivalent height) and the physical drawdown (Figure 2-8). The gradient
of hydraulic head that is the driving force for flow of liquid to the well is
thus increased. Consequently, the volume of water extracted typically
increases to an even greater extent than does the volume of LNAPL. Vacuum-
enhanced recovery may also mobilize some of the LNAPL that would not otherwise
be able to drain into a well because it is retained by capillary forces (Baker
and Bierschenk 1995). Offsetting the increase in LNAPL removal is the
necessity to treat and/or discharge a larger volume of extracted groundwater
and an extracted gas stream.

/ Vacuum Curve|
I
VacuumT

Distance ——>

Well |
< Vacuum Zone —>]

Static Hydrocarbon Levelj

Drawdown at Q 1 h

Drawdown at Q 2

I
Hydrocarbon Surface at Q 2

-

L 7

V
Saturated
Thickness

/ - Effective Drawdown

M980236

Figure 2-8. Schematic of Vacuum Effect on Perched Hydrocarbons. Q1 is extraction rate without
application of vacuum; Q2 is extraction rate with application of vacuum. (Blake and Gates 1986. Reprinted
by permission of National Ground Water Association. Copyright 1986. All Rights reserved.)

d. Dewatering to Enable SVE/BV.

(1) In low to moderately permeable formations that are in relatively close
proximity to the capillary fringe, SVE and BV tend to have limited
effectiveness, because while air can flow through air-filled passages, it
cannot flow through pores in such formations that tend to be saturated with
water. The process of applying a vacuum to the soil to accomplish SVE also
causes the water table to rise locally, further limiting the zone through which
air can flow. By removing both water and gas from the subsurface, these
limitations, to some extent, can be overcome. Vacuum dewatering (Powers 1992)
has had decades of use in the construction industry, where it is generally used
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to remove water from medium- to fine-textured soils that would otherwise flow
into excavations made below the water table. Thus it enables excavation to
occur and facilitates construction of deep footings and piers. When performed
in VOC-contaminated soil, vacuum dewatering permits the flow of air through
some of the previously saturated soil, thereby allowing VOCs residing there to
partition into the air stream (Figures 2-1 and 2-2). In addition, soluble VOCs
present in the extracted groundwater are also removed (USEPA 1997a). When
carried out in soils contaminated with semi-volatile organic compounds (SVOCs)
that biodegrade under aerobic conditions, vacuum dewatering enhances the
aeration of previously saturated soil, thus stimulating in-situ aerobic
biodegradation. It can also result in an increase in the dissolved oxygen (DO)
content of soil pore water, helping to further enhance aerobic biodegradation
in soil that is not able to be desaturated. The potential effectiveness of
this process relative to other available alternatives that do not necessarily
involve extraction and treatment of groundwater, such as in-situ air sparging
(IAS) and in-situ groundwater bioremediation, needs to be considered on a site-
specific basis.

(2) It is important to underscore that compared to most other regions
above the water table, the zone where air permeability is quite low (the
capillary fringe) will transmit very little airflow during SVE or BV operation.
Since in the case of LNAPL releases, this zone also tends to contain much
residual LNAPL contamination (i.e., within the unsaturated portion of the smear
zone), the problem of addressing the residual LNAPL is compounded unless the
smear zone can be dewatered and exposed to airflow (Mickelson 1998). MPE
offers a means to overcome this problem (Peargin et al. 1997).

e. Vacuum-Enhanced Pump-and-Treat. At times, particularly in moderate- to
low-permeability formations, groundwater pump-and-treat extraction rates can
fail to meet pre-specified hydraulic targets. A number of factors can
contribute to this problem, including inadequate characterization of the
hydrogeological system, failure in selecting appropriate well-screen intervals
and pumps, mechanical/operational problems, well fouling, and changes in
groundwater geochemistry resulting from the extraction process. If mechanical
problems and limitations have been addressed, extraction rates can usually be
enhanced simply by increasing the drawdown. If the physical drawdown cannot be
further increased, however, e.g., because doing so would exceed the available
saturated thickness, another option is to apply a vacuum gradient to the
extraction well. The addition of the applied vacuum gradient to the
gravitational gradient associated with physical drawdown produces an effective
drawdown that can exceed the available saturated thickness, as illustrated in
Figure 2-8 (Blake and Gates 1986). Consequently, the groundwater yield can be
enhanced. This technique is being applied by the USACE, Philadelphia District,
at the Lipari Landfill Superfund Site. DPE, rather than TPE, is the approach
of choice to accomplish vacuum-enhanced pump-and-treat, because it offers a
more cost-effective means of pumping groundwater.

2-4. Fundamentals of Multiphase Flow in Porous Media. An understanding of the
basic concepts and physical processes involved in multiphase fluid flow is a
prerequisite to making appropriate use of MPE. Much of the theory that will be
presented in this section is derived from soil physics (Parker 1989; Baker
1998) and petroleum engineering (e.g., Corey 1986).

a. Constitutive Relations for Multiphase Flow and Hydrostatics.

(1) Saturation. The volume fraction of pores occupied by a given fluid is
its saturation, such that water saturation, S, is defined as
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S, =—% [2-1]
Vpores
where V, = volume of water, and
Vyores = VOlume of pores.

(Note that V. /V, = n, where V, = total volume of soil under consideration, and

n = porosity.) Following Equation 2-1, organic liquid and air saturations, S,

and S, are the volume fractions of the pores occupied by NAPL and by air (or
other gas), respectively. It therefore holds that for any given representative
elementary volume in porous media,

S\N+So+Sa:1 [2-2]

Note that field and laboratory measurements are not usually expressed in terms
of saturation, so appropriate conversions need to be performed. Moisture
content, for example, is typically expressed as the amount, by weight or
volume, of water in a soil. When given on a mass basis, moisture content, w,
is the mass of water in a soil sample, M, divided by its oven-dry mass, M_,,;
or w=M/M_,. When expressed on a volume basis, moisture content, 6, is the
volume of water in a sample, V, divided by the total bulk volume of the

sample, V,; or 8 = V,/V.. Thus from Equation 2-1 and the definition of porosity,
S, = 8/n. To obtain volumetric moisture content from gravimetric moisture
content, use the relation 0 = wp,/p,, where p, is the bulk density (i.e., the dry

weight of soil per bulk unit volume) and p, is the density of the reference
fluid, water.

(2) Capillary Pressure. When two or more immiscible fluids coexist in a
porous medium, the pressure difference that is manifest across the fluid-fluid
interface is termed the capillary pressure, P, defined as:

c

Pc :Pn_Pw [2-3]
where: P, = pressure in the nonwetting phase, and
P, = pressure in the wetting phase.

The wetting fluid is that which has a greater affinity for the solid phase and
occupies the smaller pores, while the nonwetting fluid is consigned to the
larger ones and is at the higher pressure, such that the interface between them
is concave toward the nonwetting phase (Brooks and Corey 1964; Parker 1989).
Thus by definition, P, > P, so P, ordinarily must be positive. Dividing
Equation 2-3 through by p, and g, gravitational acceleration, we obtain an
equivalent definition for capillary pressure head (or simply “capillary head”):
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where: h

n

non-wetting capillary head, and

h

W

wetting capillary head.

The direction of motion of individual fluids is determined by the boundary
conditions (in terms of pressure, including capillary pressure, and elevation)
imposed on the individual fluids.

(3) Relationship between Saturation and Capillary Head. If the
orientation of the fluid-fluid interface is not affected by gravity or
adsorptive forces, then the radius of curvature of the interface, r, is related
to the capillary head by Laplace's equation of capillarity:

20 cosa
r=—¢ [2-5]
Pudh;
where: 0. = the interfacial tension between the two fluids, and
a0 = the wetting angle of the liquid on the solid phase.
The air-oil, oil-water, or air-water interfacial tensions are designated O0_, O,

and 0,,, respectively; the air-water interfacial tension is more commonly termed
the surface tension. With a gradual reduction in the capillary head at a
location in porous media, a nonwetting phase will progressively be displaced by
a wetting phase, and conversely with a gradual increase in the capillary head,
the wetting phase will be displaced by the nonwetting phase. Either way, the
relative fluid saturations must change. For an air-NAPL-water fluid system in
water-wet soil, S, depends on the h, value between water and NAPL phases; and
the total liquid saturation, S, = S, + S, depends on the h value between the
NAPL and gas phases (Lenhard and Parker 1990; Parker et al. 1996). The
relationship between capillary head and saturation, h (S), for either fluid
pair 1s a function of the pore size distribution of the soil. Measuring the

h (S) relationship is one of the best ways to understand the pore size
distribution that prevails at specific locations in the soil, and is therefore
a good way of predicting how fluids will behave during remediation.

(4) Capillary Model. Rearranging the terms of Laplace’s equation of

capillarity (Equation 2-5), and assuming a contact angle a= 0, the height of
capillary rise in a cylindrical glass capillary tube is:

20
h, = [2-6]
P, 9"
where, for an air-water system, 0 = 0 (Hillel 1998). This equation states

that while the equilibrium height of capillary rise is related to surface
tension, it is inversely related to the radius r of the capillary tube. This
model can be employed to obtain a simplified representation of the effect of
pore size distribution on the water content profile within unsaturated soil.
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Consider a vertically oriented bundle of capillary tubes, the lower ends of
which sit in a dish of water (representative of the water table). By Equation
2-6, the larger the tube radius, the smaller the height of capillary rise of
water within the tubes. Likewise, the smaller the tube radius, the larger the
height of capillary rise. A soil consisting entirely of pores of the same
radius is like a bundle of identical capillary tubes: the lower portions of all
the tubes will be filled with water, but above the height of the menisci, all
of the tubes will be empty. A plot of the volumetric water content of the
tubes versus height above the free water surface is thus a step function.

Again rearranging terms in Equation 2-6, and substituting the equivalency P, =

p,gh,, we obtain:

P=— [2-7]

This form of the capillarity equation indicates that there is a capillary
pressure associated with each size pore; the larger the radius, the smaller the
capillary pressure and vice versa. A soil having a range of pore sizes can be
represented by a bundle of capillary tubes of various radii. The profile of
volumetric water content within such a bundle of tubes indicates that as one
moves upward from the free water surface, the water content of each horizontal
slice across the tubes diminishes in a fashion that is characteristic of the
pore size distribution. Plots of capillary pressure versus volumetric water
content for various soil textural classes (Figure 2-9) are typically obtained
from laboratory analyses (paragraphs 2-5e(3) and 3-4g(3)), and are often
referred to as soil moisture characteristic curves. It is evident from the
figure that coarse-grained soils, such as sands, become desaturated (i.e.,
attain a low water content) at relatively low capillary pressures (e.g., 10 to
20 cm HO). By contrast, fine-grained soils, such as silts and clays, retain
most of their water content even at much higher capillary pressures (e.g., >500
cm HO). It is commonly assumed that these finer-grained soils can be readily
dewatered to open their pores to airflow. A large amount of wvacuum would be

required, however, to overcome such strong capillary forcesl more vacuum than
will ordinarily propagate into the matrix blocks of a silty clay or finer-
textured soil. Thus, these soil properties have a profound influence on MPE
effectiveness. The difficulty of dewatering such soil in practice will be
discussed in paragraph 2-5e(5) (a).

(5) Air Permeability. The ability of soils to transmit airflow (i.e.
their air permeability) varies strongly as a function of both saturation and
capillary pressure and differs greatly for various soil types. This is
presented qualitatively in Figure 2-10. The pore size distribution of each
soil in the figure is represented as a set of cylinders. It should be noted
that the range of pore sizes depicted for the sand is actually wider than
shown. Pores that are filled with water at a given capillary head are
darkened; those that are drained of water at a given capillary head are hollow.
The relative ailir permeability is indicated by the length of the arrows
extending from the hollow cylinders. In actuality, the range of air
permeabilities would be much greater than can readily be illustrated in this
fashion. ©Note that as water saturation diminishes and air saturation increases
accordingly, capillary heads increase. In the process, alr permeability is
initiated (except in the clay), and increases as one moves toward the upper
left corner of the plot. The clay soil will not transmit air, if the clay is
uniform, except via desiccation cracks under very dry conditions. The
capillary pressure (or capillary head) at which air can first begin to flow
through an initially saturated soil is termed the alr emergence pressure, and
is explained in more detail in paragraph 2-5e(3) and Figure 2-14.
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Figure 2-9. Typical curves showing the relationship between capillary pressure and volumetric water
content. (USEPA 1991c)
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Figure 2-10. Capillary Pressure Head-Saturation Curves and Relative Air Permeability. The pore size
distribution of several representative soil types is portrayed as a set of cylinders. Pores that are filled with
water at a given capillary head are darkened; those that are drained of water are shown as hollow. The
relative air permeability is indicated by the length of the arrows extending from the hollow cylinders. This
figure is intended to provide a qualitative representation.

(6) Hysteresis. To complicate matters, the h (S) relationship described
in paragraphs 2-4a(3) and 2-4a(4) is not unique for a given soil, but exhibits
hysteretic effects, i.e., it varies depending on the history of saturation
changes. Somewhat higher capillary pressures are typically observed at given
saturations during intervals of decreasing wetting phase saturation (drainage)
than during increasing wetting phase saturation (imbibition). Although it is
convenient to disregard it, hysteresis may need to be taken into consideration
particularly when attempting to model the effects of rising and falling water
tables on LNAPL entrapment. This is difficult to put into practice, however,
due to uncertainties in saturation histories and the possible presence in the
subsurface of soils that may exhibit partial hydrophobicity, with some zones
being water-wet while others are oil-wet (Kool and Parker 1987; Parker and
Lenhard 1987a; Lenhard et al. 1988; Lenhard and Parker 1990).
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b. Movement of NAPL: Redistribution and Drainage. Let us now consider the
processes by which NAPL moves through the soil.

(1) NAPL Redistribution. As NAPL enters and moves through soil, it
depletes itself by leaving behind along its path an amount of NAPL equal to its
residual saturation, S_. (S, is the NAPL saturation that remains in a soil
that, having contained NAPL, is subjected to drainage until the NAPL-filled
pore spaces are no longer contiguous.) If a sufficient volume of LNAPL reaches
the water table, it will be affected by buoyancy forces as it accumulates there
(Newell et al. 1995), and will then distribute itself within the soil above the
water-saturated zone. Its transport will be governed by gradients of hydraulic
head, in accordance with Darcy’s law (Parker 1989). The dissolved- and gas-
phase plumes that arise from NAPL are typically the forms by which the
contaminants pose a potential risk to human health and the environment, but a
further discussion of their fate and transport is beyond the scope of this
chapter.

(2) Smear Zone. As the water table fluctuates, LNAPL will tend to be
redistributed upward and downward over the vertical extent of the water table’s
rise and fall. The processes of NAPL entrapment and retention in the saturated
zone (which occur as the water table rises) and retention in the unsaturated
zone (as the water table falls) tend to increase the elevation range, termed

the smear zone, over which S = S at many, if not all locations (i.e., some
locations may have S, < S_). They also tend to reduce the apparent product

thickness evident in monitoring wells, particularly as the water table rises,
when LNAPL entrapment tends to be greater. It is important to try to identify
the smear zone early in the process of developing a conceptual model of a site.
It is not recommended, however, that the range of historical water table
fluctuation be used to infer the vertical limits of the smear zone. Usually,
this range tends to underestimate actual smear zone thickness, since the
extreme fluctuations in water table elevation are seldom measured. It should
also be noted that there are occasional sites at which LNAPL was released: a)
from a point, such as a pipeline or tank, located below the lowest recorded
elevation of the water table; or b) from a point above the groundwater low, but
under enough pressure to force it downward beneath a confining layer to depths
as much as several meters below the groundwater low. In either case, the zone
of LNAPL contamination would extend below what might otherwise be expected.
Instead of reliance on hydrographic data, direct and indirect NAPL measurement
approaches should be used. Soil sample headspace data collected during
drilling, which are qualitative, have been found more useful than hydrographs
in most cases. Delineation of the smear zone can be supported by various field
investigation methods to be described in Chapter 3; more detailed delineation
can be made by collecting continuous soil cores and subjecting them to
appropriate contaminant analysis. Unless the remedial goal is defined only in
terms of reducing apparent product thickness, it is the entire smear zone
rather than simply the zone of floating LNAPL that deserves consideration and
delineation.

(3) The Problem with the Smear Zone. As stated in paragraph 2-3d(2)
above, the smear zone is at the same time a crucial target zone for vapor
extraction-based remediation of LNAPL contamination, and a zone with no or
minimal air permeability. The air permeability limitation stems from the fact
that the lower reaches of the smear zone are below the water table, while the
upper reaches generally coincide with the wet-season position of the capillary
fringe. We define the capillary fringe as the zone just above the water table
where the capillary pressure is less than the air entry pressure, i.e., the
zone that i1s saturated but under a gauge pressure less than atmospheric. Pores
within the capillary fringe, although above the water table, are water and/or
NAPL saturated. Consequently, this zone will have an air permeability value

2-18



EM 1110-1-4010
1 Jun 99

approaching zero, unless air i1s sparged from beneath, the soil is drained by
lowering the water table or through vacuum dewatering, or the water is driven
off by heating. The applicability of these methods is discussed in paragraph
3-8.

(4) NAPL Drainage. Recovery of NAPL (either LNAPL or DNAPL) from the
subsurface is often accomplished by providing wells or trenches into which it
can drain, as described in paragraph 2-3c(1l) above. Such wells or trenches are
positioned below the water table somewhat, so that groundwater may be drawn
down by pumping, and so that NAPL in the surrounding formation can then be
recovered from the well or trench (Sale and Applegate 1997). Whether as a
result of active drawdown or a seasonal decline in the water table elevation,
however, LNAPL that collects at the water table in excess of S cannot drain
into a well or trench pipe that is at atmospheric pressure, unless the LNAPL
exists in the formation at a positive gauge pressure, i.e., a pressure greater
than atmospheric. Thus, neither water nor LNAPL can drain from the capillary
fringe, where they exist at negative gauge pressure, into a pipe that contains
air at atmospheric pressure. Only if a vacuum were exerted on the pipe,
sufficient to overcome the capillary forces holding the ligquid in the soil,
could the ligquid begin to flow into the pipe and be recovered; we term this
process vacuum-enhanced recovery rather than drainage.

c. Preferential Flow.

(1) Types of Preferential Flow. Fluids do not always infiltrate through
the soil uniformly, but may show preference for certain pathways, while
bypassing to a great extent adjacent regions. Preferential flow is of two
general types: a) flow through recognizable morphological features such as
macropores or high permeability zones, and b) unstable (i.e., fingered) flow in
the absence of such features. Macropores in the context of (a) are continuous
non-capillary voids such as structural cracks, decayed root channels, worm
channels and burrows of larger animals (Bouma 1981; Beven 1991). To this list
may be added channels created through human activities, including the coarse
aggregate (e.g., gravel) often placed beneath structures, around underground
storage tanks, or surrounding buried utility lines, and interconnected voids
present in poorly compacted fill material. Zones of locally high permeability
containing smaller capillary sized pores such as sand layers can also support a
kind of morphologically related preferential flow. Fingered flow refers to the
instability of immiscible displacements under certain conditions, even where
there are no apparent structural channels or heterogeneity at the macroscale
(Hillel 1987; Kueper and Frind 1988; Baker and Hillel 1991).

(2) Preferential Flow of NAPL. It is important to appreciate that when a
substantial volume of NAPL is released within a short amount of time, it has a
tendency to flow preferentially within any macropores, man-made pathways, and
larger fractures within fractured bedrock that it encounters during its
infiltration into heterogeneous soils. These macropores represent paths of
least resistance for NAPL flow when NAPL is released under a positive gauge
pressure because they are the most transmissive flow paths available. Because
of macropore flow, LNAPL can infiltrate over considerable distances in the
unsaturated zone within a relatively short period. Even in the absence of
macropores and under conditions of slow, drip release, NAPL can infiltrate to
surprising depths, as illustrated in Fig. 3-3 for a DNAPL release (Poulsen and
Keuper 1992). Unlike LNAPL, DNAPL can infiltrate within the saturated zone as
well. This behavior has obvious ramifications with respect to the installation
of soil borings, wells and other potential conduits for DNAPL transport — care
must be taken to avoid vertical spreading of the source of contamination while
attempting to investigate its nature and extent and during remedial efforts.
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Applicable techniques to minimize these collateral effects are presented in
Chapter 3.

(3) Preferential Flow of Soil Gas. Gas 1s typically a nonwetting fluid
relative to both NAPL and water. Therefore, it too is subject to preferential
flow through macropores and other preferred pathways, especially during
operation of an air-based remediation technology such as SVE, IAS, or MPE.
For discussions of these effects relative to SVE, refer to EM1110-1-4001, Soil
Vapor Extraction and Bioventing, and for IAS see EM1110-1-4005, In-Situ Air
Sparging. Consideration of preferential flow of gas during MPE is 